Abstract-In this work, we demonstrate that the LSM and LSE modes formulation is an excellent theoretical tool for determining the refractive index and thickness of the guiding layer in planar optical waveguides with step refractive index profile. Refractive index of transparent materials capable of being deposited as a solid thin layer on a substrate for confining light can be evaluated very accurately. The method can be applied to analyze and design monomode and multimode optical waveguides, unlike the methods proposed so far, including cutoff wavelength region. This wave model only requires the experimental evaluation of the effective indices of the guided modes. In order to verify the developed formulation, the commercial software Olympios was used for theoretical comparison. Polymeric planar optical waveguides were fabricated and characterized. A prism coupling method and the Metricon system were used for effective indices measurements and to compare the accuracy. The experimental evaluation of the thickness was carried out by profilometry. In all cases a complete agreement was obtained for refractive index and thickness between theory and experiments.
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INTRODUCTION
The motivation for this work arises from the joint research between the Inmunoelectroanalysis (Physical and Analytical Chemistry Department) and Integrated Optics (Physics Department) laboratories of the University of Oviedo. In this collaboration, Match Zehnder Interferometers (MZI) with polymeric channel optical waveguides in glass substrates are being investigated for biosensing applications. Since the sensing action is performed by the interaction of the analyte with the evanescent electromagnetic field of the guided light, the accurate knowledge of the refractive index of the polymer as well as the transversal dimensions of the guiding channel are fundamental requirements to ensure the success of the design. Besides, due to the dependence of the refractive index on wavelength, the evanescent field distribution is strongly affected by the dispersion characteristics of the polymeric optical waveguides.
Traditionally, polymeric planar optical waveguides were fabricated with different materials as guiding region: Polyvinyl alcohol (PVA), Poly (methyl methacrylate) (PMMA), Styrene acrylonitrile (SAN), etc. are typical examples [1] [2] [3] [4] . Different techniques have been used to calculate the refractive index and thickness of the polymeric guiding layer; however, all proposals have been applied only to multimode optical waveguides [5, 6] . The fabrication of MZI with polymeric optical waveguides requires previous processes on the polymer before the final guide is obtained. In fact, in most cases, the polymer must be dissolved before deposition as well as subjected to UV exposure, heated and polished after being injected or spinned to form the guiding region. Thus, the real refractive index and, consequently, the dispersion characteristics of the polymer are different from those provided by the manufacturer. This paper presents a procedure which provides the real refractive index of transparent materials capable of confining light. Besides, the method can be used for analyzing and designing monomode and multimode planar optical waveguides with step index profile, as polymeric planar optical waveguides on glass substrate. The analysis stage allows to know the effective indices of guided modes from the physical parameters of the guide while the design option provides the refractive index and thickness of planar waveguides and only requires the knowledge of the effective indices of the guided modes. In both cases, the theoretical strategy allows working at any wavelength, including cutoff wavelengths, unlike most methods. This condition is very important in order to get weakly guided optical fields with large evanescent tails for increasing the sensitivity of the optical sensor. For this purpose, the theoretical algorithm includes a LSE and LSM modes formulation which provides a powerful electromagnetic modelization The theoretical method was programmed in Matlab language and the simulation software package Olympios was used to verify the results provided by the formulation. A complete agreement was obtained.
Monomode and multimode polymeric planar optical waveguides were manufactured. In all cases, and for confining light, polymer thin films were fabricated on glass substrates by using the spincoating technique [7] . PMMA and Norland Optical Adhesive 61 (NOA61) polymers were deposited on borofloat and soda-lime glass substrates, respectively, and the prism-film coupler technique [8] was implemented to measure the effective indices of the guided modes. The Metricon system was used to compare measurements. Experimental effective indices were introduced in the formulation, and refractive index and thickness of the guiding layer were evaluated. In order to verify the accuracy of the algorithm, the thickness of several samples was measured with a profilometer. In all cases, the theoretical and experimental results agree very well.
THEORY
Channel optical waveguides propagate hybrid modes, with six electromagnetic field components. When one of the components of the field is negligible compared to the others, the modes can be designated as LSE (Longitudinal Section Electric)-LSM (Longitudinal Section Magnetic) [9] [10] [11] . LSE and LSM modes, with respect to the horizontal interfaces (x-z plane in Fig. 1 ), have the same fundamental component of electric field as TE and TM modes, respectively. This characteristic allows analyzing the electromagnetic propagation of planar optical waveguides using the LSE-LSM formulation. In our case, and from the experimental point of view, the electric field dominant component is imposed by the laser polarization. As our region of interest is free of sources, we can calculate E and H fields from Hertz's potentials [9] .
In our case, we focus on planar optical waveguides with stepindex profile and manufactured by polymer deposition on glass. The geometry that determines the electromagnetic field propagation is shown in Fig. 1 , where n s , n f and n c represent the refractive indices of the substrate, polymeric guiding region and cover, respectively. Consequently, n s and n f are constant whereas the cover will be air; therefore, we take n c = 1.
Single Mode Planar Optical Waveguides

LSM Modes
According to the coordinate system shown in Fig. 1 , we can express the electromagnetic field components from a Hertz's potential vector of electric type, M e , whose spatial dependence can be written as:
e (x, y) e −γz a y (1) where γ represents the propagation constant in the z direction, and can be written in the following way: γ = α + jk z (2) being α the attenuation constant and k z the phase constant in the z direction.
Assuming a lossless waveguide (α = 0), and since the three waveguide regions in Fig. 1 , are infinite in the x direction, there is only variation in the y coordinate. Consequently, we can write the Helmholtz's equation, as follows:
where ∇ 2 t represents the transverse component of the Laplacian operator and k 0 the phase constant in the free space.
The potential scalar solutions φ e (y), in Equation (3) can be written as [12] :
being η, k y , η 1 the transverse propagation constants in the respective regions: air, guiding layer and substrate. Figure 1 . Scheme of a step-index planar optical waveguide with a guiding region with refractive index, n f , and thickness, b. The cover of the waveguide is air and the substrate is a material with refractive index n s .
Substituting the solutions of the Equation (4) in the differential Equation (3), we obtain the relationships that verify the refractive indices and the propagation constants in each region of the optical waveguide, as shown:
where n eff represents the effective refractive index of a guided mode in the direction propagation z.
In order to calculate the A, B, C and D constants in Equation (4), boundary conditions are applied to the electromagnetic field components, which are tangential to the interfaces. In the specific case of LSM modes, E z and H x are the tangential components given by the following equations [9] :
∂φ e (y) ∂y (6)
where n represents the refractive index, ω is the angular frequency, and ε 0 refers to permittivity in vacuum.
After applying the continuity of the E z and H x components at y = 0 and y = −b, we have the characteristic equation for LSM modes:
In order to obtain the analytical expression that gives the thickness, b, and taking into account the fact that the tangent function is periodic every π radians, we can express b from Equation (8), as follows:
where m = 0, 1, 2, . . . is any natural number. From Equations (5) and (9), we obtain the following relationship:
Equation (10) relates the thickness, b, and the refractive index, n f , of the guiding region.
For monomode waveguides, we have designed an iterative process that consists of assigning values to n f , by successive increments, ∆n. In this way, and for each value of m, we can find a series of pairs, (n f , b f ), which represent the mathematical solutions of Equation (10) . This iterative process is based on the guided propagation conditions: n f > n ef f > n s and it is applied as follows:
Evidently, if a guided mode exists, it must verify n f > n eff . So, n eff is the lower limit of n f . Therefore, we can express n f in the following way:
where i represents each iteration, being i = j + 1. For the first iteration: i = 1 and j = 0; therefore, Equation (11) 
Second guided propagation condition (n eff > n s ) On the other hand, n eff > n s , so that the index increment, ∆n, can be calculated as follows:
where D is a natural number that allows to fix the calculation accuracy. When the calculation stops, a series of i-pairs (n i f , b i ) is obtained for each value of m. Each pair solution i provides the same effective refractive index, n eff , which was evaluated experimentally for LSM polarization modes.
LSE Modes
For this family of modes, we operate in a similar way. We can express the electromagnetic field components from a Hertz's potential vector of magnetic type, M h . Since we are studying LSE modes, we apply the continuity of the E x and H z components at y = 0 and y = −b. These components can be written as [9] :
Following the same procedure as for LSM modes, we obtain the characteristic equation for LSE modes:
Taking into account the same considerations as for LSM modes, we can write the thickness, b, of the guiding layer and for LSE modes as follows:
where p = 0, 1, 2, . . . is any natural number. From Equations (5) and (17), we obtain the following relationship:
Equation (18) is solved by applying the iterative process described for LSM modes. Finally, we get a series of j-pairs, (n j f , b j ) for each value of p, so that each pair j provides the same effective index, n eff , which was evaluated experimentally for LSE polarization modes.
Therefore, we have two sets of solutions: a set of i-pairs, (n i f , b i ), for LSM modes, and a set of j-pairs, (n j f , b j ), for LSE modes. Only the same pair solution, (n f , b), appears simultaneously in both sets of solutions. In other words, only this pair provides, simultaneously, the effective indices measured for the LSM and LSE modes supported by the same single mode planar optical waveguide. This pair is the only element of the intersection of both sets of solutions and represents the authentic physical solution in which we are interested.
Such a solution pair can be obtained graphically, by representing the two sets of solutions obtained for LSM and LSE modes. For each couple of values, m and p, we get two curves that intersect at one point. These intersections are mathematical solutions of the thickness and the refractive index of the guiding layer. The pair (n f , b) which represents the correct physical solution is obtained by the intersection of the LSM and LSE curves that gives the smallest positive thickness, b.
Multimode Planar Optical Waveguides
LSM Modes
For multimode waveguides, Equation (10) is verified for each LSM guided mode. If the waveguide propagates r modes, we have a set of n eff s (s = 1, 2, 3, . . . , r) effective refractive indices. Consequently, Equation (10) becomes in a system of r equations with the same thickness, b, and same refractive index, n f .
Substituting in Equation (10) any two values of n eff s obtained experimentally for example s = i and s = j, and equating both expressions in b, the following relation is verified:
Equation (19) can be solved by using the bisection method. For different values of m i and m j , and from Equations (19) and (10), we get a set of mathematical pairs solutions (n (i,j) f , b), corresponding to the refractive index and thickness of the guiding layer. However, in our method, the pair (n f , b) which represents the correct physical solution is obtained when m i and m j represent the order, s, of the two guided modes.
LSE Modes
For LSE modes, the solution of (n f , b) is obtained in a similar way. In this case, and using Equation (18) for thickness b, the relation to be solved by the bisection method has the form:
This formulation can be applied to monomode and multimode optical waveguides, unlike other methods, and provides additional important advantages in comparison with other proposals. For monomode waveguides, only two values of n eff are necessary, one for each polarization (LSM and LSE); while, for multimode waveguides, we need to measure n eff for each guided mode only in one polarization (LSM or LSE).
SIMULATION
In order to validate the theoretical formulation described above, it is necessary to solve Equations (10) and (18) (monomode waveguides) and (19) or (20) (multimode waveguides) which provide the unknowns, n f and b. For this purpose, the algorithm was computed in Matlab. To test the applicability of the LSM and LSE formulation as well as the accuracy of the algorithm, the Effective Index Method [13] [14] [15] was used in the simulation software package Olympios. Monomode and multimode polymeric planar optical waveguides were simulated. Table 1 contains the simulation results for monomode waveguides: SI01, SI02 and SI03, and multimode samples: SI04 and SI05.
Monomode Waveguides
Firstly, the polymeric monomode planar optical waveguides, labelled as SI01, SI02 and SI03, were simulated by Olympios. Assuming λ 0 = 632.8 nm and n s = 1.4699, this software package was used for obtaining the effective refractive indices. Table 1 contains the proposed input data, n O f and b O , to Olympios, and the obtained effective refractive indices for LSM and LSE modes. Subsequently, and in order to obtain the refractive index, n M f , and the thickness, b M , of the guiding layer, the output data, n LSM eff and n LSE eff , provided by Olympios, are used as input data for the LSM/LSE formulation, which was programmed in Matlab. Last column in Table 1 shows the results obtained by the algorithm for n M f and b M . In all cases, the proposed values of n O f and b O as input data for Olympios agree exactly with the output data, n M f and b M , obtained from Matlab. Fig. 2 outlines the complete flow of the simulation.
Using the iterative process explained in the previous section, the algorithm provides a graph with the possible mathematical solutions of n f and b. These solutions are the intersection points of the LSM and LSE curves obtained for each couple of m and p values. This is shown in Fig. 3 for sample SI01.
Each curve corresponds to each value of m and p, in Equations (10) and (18), for LSM and LSE formulation, respectively. Therefore, for each pair (m, p) we obtain two curves which intersect at the solution point. However, the correct solution of n f and b is provided by the intersection point of the LSM and LSE curves that gives the smallest positive thickness, b. In the case of sample SI01, this condition is verified when m = p = 1, as the inserted zoom shows in Fig. 3 . The calculated refractive index and thickness for sample SI01 were: n f = 1.490 and b = 1.2 µm, which match to the input data of Olympios. We have used the same procedure for several samples, and we have achieved satisfactory results. In general, m and p have the same value; however, when the guided modes are near to the cutoff wavelength, m and p can be different. In fact, the LSE and LSM formulation demonstrates there are three possible regions for solution in the case of monomode guides, two regions in which m and p are equal and a third region, which separates the two above, in which the indices m and p are different. This is shown in Fig. 4 and Fig. 5 for samples SI02 and SI03. In both cases, the correct solution is obtained for m = 0, p = 0 and m = 1, p = 0, respectively. 
Multimode Waveguides
Once the theoretical formulation was successfully checked for monomode planar optical waveguides, we have applied it to multimode waveguides simulation. The flowchart is the same as shown in Fig. 2 Table 1 contains the input data, n O f and b O , used in Olympios for the simulation of the samples SI04 and SI05 that we have chosen as example. In this case, the additional input data for Olympios were: λ 0 = 632.8 nm, n s = 1.5105. Table 1 shows the effective refractive indices, n LSM eff and n LSE eff , obtained for the simulated multimode planar optical waveguides, SI04 and SI05. Then, the algorithm developed in Matlab was checked for these multimode waveguides by introducing as data input the obtained effective indices and the rest of parameters: λ 0 = 632.8 nm, n s = 1.5105 and D, which allows to fix the accuracy of calculation by the bisection method. By applying the process that we have explained for multimode waveguides, the algorithm directly returns the values of n f and b. As shown in Table 1 , the output values obtained with the algorithm are the same that the data input in the simulation software Olympios. A variety of multimode planar waveguides were fabricated and characterized. In all cases, we have achieved satisfactory results.
FABRICATION AND EXPERIMENT EVALUATION
Monomode Waveguides
Borofloat glass substrates (n s = 1.4699 at λ 0 = 632.8 nm) and the PMMA polymer (n f = 1.49 at λ 0 = 632.8 nm) were used to manufacture single-mode optical waveguides. Different thicknesses of the polymer were deposited on the glass using spin-coating system (WS-400A-6NPP. Laurell Technologies Corporation. USA).
The complete manufacturing process takes place in a controlled environment room, with humidity 50% and temperature 20 • C. The glass substrates were conditioned in the first step. Then, the polymer was deposited on the substrate. Different spin speed and several layers of polymer overlapping were used to manufacture monomode optical planar waveguides with different thickness, b. In all cases, the resulting sample was heated to 250 • C for 5 minutes on a hot plate. In this way, the PMMA was firmly adhered to the glass.
In order to test monomode regime, the next step was the experimental characterization of the manufactured samples. For this, we have implemented a prism-film coupling technique [6] . The setup, fully automated, is shown in Fig. 6 . To excite the guided modes, we have used a SF11 prism with a refractive index n prism = 1.779 at λ 0 = 632.8 nm, and with an angle ϕ prism = 45 • . The effective refractive index, n eff , of each guided mode was calculated by using the Figure 6 . Prism-coupling technique setup: 1-Laser, 2-Polarizer, 3-Diaphragm, 4-Prism, 5-Polymer-thin film, 6-Glass substrate, 7-Goniometer, 8-Piezoelectric movement system, 9-Optical detector, 10-Data acquisition system, 11-Computer. equation [8] :
being φ mode the incidence angle with respect to the normal of the prism, for which there is a guided mode. This angle was measured with a motorized goniometer (Physik Instrumente, Germany), which allows a precision of 0.0001 • . The light coming from the laser (Uniphase He-Ne 1100, USA) is properly polarized to LSM (TM) or LSE (TE) with the help of a linear polarizer (Optosci, Scotland). A diaphragm is used for improving the coupling of the light. The coupling prism and the optical waveguide, as well as an optical detector (DET110, Germany), are attached to the axis of the goniometer. In order to optimize de light coupling, the complete set is placed on two superimposed translation stages (Oriel, USA), with perpendicular movement relative to one another, and to the axis of rotation of the goniometer. The rotation of the complete set is provided by a piezoelectric movement system (Physik Instrumente, Germany). The light exiting the prism is collected by the optical detector and a data acquisition system (HP 34970A, USA) provides the intensity light data for each incident angle. All functions are controlled by computer. Measurements of the effective refractive index for monomode samples, and for LSM and LSE polarizations, were taken. As example, the sample PM26 was chosen as a reference for this paper. This sample was manufactured with three PMMA layers, as can be seen in Fig. 7(a) (a) (b) Fig. 8(a) shows the results provided by the algorithm for the sample PM26. The refractive index and thickness for this sample were: n f = 1.483 and b = 1.1 µm.
Finally, a profilometer (Veeco Dektak Surface Profilometer, Germany) was used to verify the thickness results provided by the algorithm. In order to allow this measurement, a piece of tape was located over the glass substrate before depositing the polymer. Then, the piece of tape was removed, obtaining a step discontinuity between the surface of the glass substrate and the polymer layer. Several thickness measurements were taken in each sample by using a profilometer around the step discontinuity, and in different regions. Fig. 8(b) shows the average of three measurements on the sample PM26. As we can observe, the thickness measured using the profilometer was b = 1.0 µm. The most important parts in the graph are the beginning and the end of the measurement. The central part of the experimental graph shows a high level of noise introduced by the discontinuity glass surface-polymer. Comparing the profilometer measurement with the results provided by the algorithm, we can observe just a difference of 0.1 µm. We have used the same procedure for a variety of monomode waveguides. In all cases, the same agreement between theory and measurements was obtained.
Multimode Waveguides
Soda-lime glasses substrates (n s = 1.5105 at λ 0 = 632.8 nm) and the photopolymer Norland Optical Adhesive 61 (NOA61) (n f = 1.56 at λ = 632.8 nm) were used to manufacture multimode optical waveguides. Different thicknesses of the polymer were deposited on the glass using the spin-coating technique.
The manufacturing process was performed following the environment conditions used for monomode waveguides. In order to obtain different thicknesses in the polymeric layer, the viscosity of the NOA61 was modified and deposited on the substrate in three different ways: a) without changing the viscosity; b) heating the polymer at 90 • C just before to spin the sample; c) in a dissolution of acetone (NOA61: Acetone (1 : 2)) In all cases, after depositing the polymer, we have done a UV exposure during 1 hour using a 365 nm UV lamp (LTF Labortechnik, Germany), followed by a postbake at 60 • C for 12 hours, in a thermally controlled oven (Digitheat from J. P. Selecta, Spain). In this way, the NOA61 was firmly adhered to the glass. The next step was the experimental characterization of the manufactured samples. For measuring the effective indices of the guided modes, we have used the same prism-coupling system developed for monomode waveguides characterization. The Metricon prism coupler equipment, installed at the University of Santiago de Compostela (Spain), was used to measure the effective indices and compare them with those obtained by the designed prism-coupling system. Furthermore, the Metricon predicts the refractive index, n f , and thickness, b, of the guiding layer, allowing comparison with the theoretical results provided by the algorithm In all cases, the agreement was excellent.
The sample ES37 was chosen as a reference for this paper. This optical waveguide was manufactured with NOA61 which was heated at 90 • C before spinning the polymer. Fig. 9(a) shows the measurements of the effective indices obtained with the Metricon system, for the three guided modes and LSE polarization. The obtained experimental results were: n LSE eff 1 = 1.5569, n LSE eff 2 = 1.5471 and n LSE eff 3 = 1.5309, as well as a refractive index, n f = 1.560 and a thickness, b = 2.8 µm. By using the experimental effective indices as data input, the Matlab algorithm was executed for calculating the refractive index, n f , and the thickness, b, of the sample ES37. The theoretical results provided by the algorithm were: n f = 1.560, and b = 2.8 µm, which show an excelent agreement with the experimental ones provided by the Metricon system. Finally, the profilometer was used to verify experimentally the thickness, b, calculated by the algorithm. In order to allow this measurement, half of the sample was immersed in acetone inside an ultrasonic system, to remove a part of the polymer over the substrate. Fig. 9(b) shows the average of the measurements for the sample ES37. As for monomode waveguides, the central part of the graph shows a high pick of noise due to the glass-polymer discontinuity, which is obtained when removing the polymer. In this case, the measured average thickness, b, using the profilometer is around 2.8 µm, which agrees very well with the value provided by the Metricon and with the theoretical result given by the proposed formulation. In order to further investigate the behavior of the algorithm, additional samples were manufactured and tested. In all cases, the same agreement between theory and measurements was obtained.
CONCLUSIONS
The theoretical procedure presented in this work provides the refractive index of transparent materials, capable of being deposited as a solid thin layer on glass for confining light. The method combines a LSM and LSE modes formulation with a specific calculation algorithm and allows the analysis and design of monomode and multimode planar optical waveguides with step refractive index profile. Effective refractive indices (analysis) as well as the refractive index and thickness of the guiding layer (design) of monomode and multimode planar optical waveguides can be obtained with high accuracy. With respect to other traditional methods, this strategy has the following advantages: a) only requires the experimental evaluation of the effective indices of the guided modes and can be applied to monomode and multimode planar optical waveguides, including zones around the cutoff wavelength; b) the refractive index-wavelength dependence, as well as the thickness, of any guiding layer material can be evaluated; and c) only requires low-cost lab equipment, avoiding expensive optical characterization systems. The theoretical performance and accuracy of the procedure was verified by using the commercial software package Olympios. Polymeric planar optical waveguides on glass substrate were fabricated and characterized, both theoretically and experimentally. The prismfilm coupler method and the Metricon equipment were used for effective indices measurements and for comparison. Refractive index and thickness of monomode and multimode polymeric thin films on glass substrate were evaluated. A profilometer was used for the measurement of the guiding layer thickness. In all cases an excellent agreement was obtained between theory and experiments.
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